As part of a larger microbial source tracking (MST) study, several laboratories used library-based, phenotypic subtyping techniques to analyse fecal samples from known sources (human, sewage, cattle, dogs and gulls) and blinded water samples that were contaminated with the fecal sources.
INTRODUCTION
Water quality indicator organisms approved for use in the US, such as fecal coliforms, Escherichia coli and Enterococcus spp., are broadly distributed in the feces of various host animals. Their presence therefore provides no information about the source(s) of fecal contamination to waters, confounding efforts such as risk assessment and total maximum daily load (TMDL) assessment. Over 20 years ago, the concept that resistance to antibiotics could aid in determining sources of fecal indicator organisms was germinating for enterococci (Kibbey et al. 1978) , fecal coliforms (Bell et al. 1983 ) and E. coli (Krumperman 1983) . The proposed mechanism for discrimination was that the exposure of various hosts (i.e. cattle, humans, wild animals) to certain antibiotics varies, and that the selective pressure of antibiotics on microbial populations of the gastrointestinal tract would result in measurable differences in bacteria isolated from the feces of these animals.
The practice of scoring, or 'indexing' the incidence of multiple antibiotic resistance (MAR) was advanced to discriminate between low-risk and high-risk sources of food contamination (Krumperman 1983) and to identify subpopulations of multiple antibiotic resistant E. coli in water (Kaspar et al. 1990 ). E. coli MAR indices were analysed by cluster analysis, which generally separated isolates from water and feces into point source (human) and nonpoint source (animal) groups (Parveen et al. 1997) .
The MAR methods all relied upon the use of many antibiotics at only one concentration each for antibiotic resistance testing.
The term antibiotic resistance analysis (ARA) was coined to describe a related method of discriminating between fecal sources in which four concentrations of each antibiotic were used to develop the antibiotic resistance pattern (Wiggins 1996) . Bacterial colonies were replica-plated on agar plates, each containing one concentration of one antibiotic, and growth or lack of growth for each treatment was recorded. Discriminant analysis was used to analyse the antibiotic resistance patterns of fecal streptococci isolated from various fecal sources, providing a significant methodological change from indices. Because discriminant analysis generates a classification rule based on the variables (antibiotic resistance patterns) in the calibration dataset (the fecal isolates from known sources), it provides a means of statistically classifying isolates from unknown sources (water) into predetermined source categories. The Wiggins (1996) study provided the foundation for later bacterial source tracking studies that relied upon a database, or 'library' of patterns (also termed subtypes, or fingerprints) of isolates from known fecal sources to predict the source of bacteria isolated from environmental waters.
ARA of fecal streptococci, or the more narrowly defined genus Enterococcus, has been shown in subsequent bacterial source tracking (BST) studies to have considerable predictive value with respect to the source of fecal pollution (Hagedorn et al. 1999; Wiggins et al. 1999; Harwood et al. 2000; Graves et al. 2002; Choi et al. 2003) .
Furthermore, the usefulness of fecal coliforms as indicator organisms for ARA has been demonstrated (Harwood et al. 2000; Whitlock et al. 2002) . The primary method for determining the accuracy of libraries in these studies was calculation of the rates of correct classification for the various source categories, which is determined by using the library as both the calibration dataset and the test dataset. In these studies, field tests were used to demonstrate the utility of the methods for source prediction in environmental waters, ranging from identification of human-source fecal coliforms in a ditch impacted by a failing septic system (Harwood et al. 2000) to identification of birds, coastal marsh and sewage as contributors of enterococci to waters of a California beach (Choi et al. 2003) . Temporal variability of sources in receiving waters has been noted in several ARA studies (Graves et al. 2002; Harwood et al. 2002; Choi et al. 2003) .
Antibiotic susceptibility testing can also be carried out by the Kirby-Bauer disk diffusion method (Bauer et al. 1959) , in which antibiotic-impregnated disks are placed on plates that have been inoculated with the bacterial strain to be tested. Carbon source utilization by enterococci is a phenotypic subtyping method that has also been used for BST studies in the US (Hagedorn et al. 2003) , and its utility has been suggested in a European study (Wallis & Taylor 2003) . The US study used the Biology system to determine subtypes, while the European study utilized the PhenePlatey system. Carbon source utilization relies upon differential distribution of Enterococcus species, as well as specific subtypes (biotypes) of the species, for discrimination between various hosts. 
Fecal and water samples
Details of fecal sample collection and preparation are presented in the overview paper in this issue (Griffith et al. 2003) . Fecal samples were: one wastewater influent, four composite samples from four separate seagull flocks, twelve individual humans, twelve individual dogs and twelve individual cattle (nine dairy and three beef). Investigators were instructed to isolate five indicator organism colonies from each individual fecal sample, 15 colonies from each composite seagull sample, and 60 colonies from the influent sample. Subsamples of the fecal material sent to the laboratories were used to inoculate sterile water samples, which were shipped on ice by overnight mail to the laboratories. Sterile, deionized water rather than buffer solution was utilized in order to better approximate conditions that might be encountered during field sampling. Approximately 50 isolates per water sample were processed for further analysis (Table 1) .
Isolation of indicator organisms
Each laboratory devised its own method for isolating indicator organisms (Table 1) . Generally, solid feces were sampled with a swab and streaked for isolation on selective-differential media, while wastewater was diluted and filtered through a 0.45 µm pore size membrane, which was incubated on selective-differential media. Various volumes and dilutions of contaminated water samples were filtered through 0.45 µm pore size membranes, which were subsequently treated in the same manner as the wastewater samples. In the interests of brevity, the methods for primary isolation are presented in Table 1 . characteristic of E. coli, were subjected to further analysis.
ARA and MAR testing
ARA was carried out by each investigator as previously described (Wiggins et al. 1999; Whitlock et al. 2002 ) ( Table   1 ), except that antibiotics and concentrations were altered in some instances. The antibiotic scheme used for ARA-FS was (concentrations given in µg ml sulfathiazole (500), and tetracycline (25). Non-matching isolates were labelled 'unknown'.
Carbon source utilization (CSU)
CSU was assessed using the semi-automated system by 
Statistical analysis
ARA and MAR datasets were analysed by discriminant analysis (SAS v. 8.2, SAS Institute Inc.) as previously described (Wiggins et al. 1999; Whitlock et al. 2002) . 
RESULTS
For the purpose of analysis, isolates from human volunteers and sewage were grouped into the 'human' category.
Cattle, dogs and gulls each represented a discrete source category. The ARCC (Wiggins 1996) was calculated for each library in order to assess its internal accuracy ( The average frequency of misclassification of isolates was calculated for each library ( Figure 1 ). This value is calculated by dividing the number of isolates incorrectly classified into each source category by the number of isolates in the library that are not from (Table 2) .
DISCUSSION
The goal of microbial source tracking methods is to identify the source(s) of fecal contamination in water. Such (Griffith et al. 2003; Myoda et al. 2003; Noble et al. 2003) .
One strength of the phenotypic methods is that they are relatively inexpensive compared with genotypic methods, so that many isolates can be characterized.
Although library size in this study was constrained to A weakness of library-based methods is the necessity for collection and typing of large numbers of organisms from many fecal samples. Libraries are expensive to build, and must be constructed with great care to ensure that they are representative of microbial diversity in the study area Wiggins et al. 2003) . Due to the considerable logistical and financial hurdles encountered in this study, which aimed to involve a maximal number of laboratories and methods, the libraries constructed were too small to be representative of even the smallest watershed. However, the study provided a platform for direct comparison of the methods by providing each investigator with fecal samples from the same individuals (humans, dogs and gulls), groups of individuals (gulls) or sample (wastewater). A hypothetical weakness of the usefulness of antibiotic resistance phenotypes for MST is that the relative frequencies and stability of the phenotypes in the population are less stable than genotypic subtypes due to the rate of exchange of genes that encode antibiotic resistance (Parveen et al. 1999) . However, a recent study demonstrated the stability of antibiotic resistance patterns as predictors of fecal source over a one-year period (Wiggins et al. 2003) .
The small number of samples used to construct the library meant that there was low bacterial diversity, which resulted in high correct classification rates (Figure 1 ).
High ARCCs are frequently observed in small libraries (Wiggins 1996; Whitlock et al. 2002; Wiggins et al. 2003 ), which can be tested for the artefact of source-independent grouping of patterns by randomizing the library . In this exercise each pattern in the library is randomly assigned to a source category, and the ARCC of the randomized data is determined. If 'correct' classification rates for one or more source categories remains high, the small library size is contributing to clustering of the patterns that is not dependent upon the source of the isolates. The ARCC of the randomized ARA-FC library was 43.75, which is much higher than the probability of assignment to one of four source categories by chance (25%). Dog and gull categories were particularly affected, as 'correct' classification rates were 71.7 and 81.7%, respectively, for patterns randomized with respect to source. Randomization of the CSU-Ec library yielded an ARCC of 58.4%, also far higher than one would expect from random source assignment.
The intuitively appealing hypothesis in MST is that larger libraries will have higher correct classification rates than smaller libraries; however, this hypothesis has not been supported by recent studies, in which small libraries (Wiggins 1996; Carson et al. 2001; Guan et al. 2002) to define its predictive capabilities is not to be recommended, and that some types of proficiency sample should always be used to ground-truth MST libraries.
